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Neuromuscular electrical stimulation (NMES) refers
to the application of current pulses, through surface
or implanted electrodes to trigger generation of
a neural action potential train to produce artificial
muscle contraction in the associated muscle.1 In sur-
face NMES pre-gelled electrodes are placed on the
skin surface over the motor point of the muscle of
interest, and is a completely non-invasive technique.
Graduated compression stockings (GCS) and ban-
daging facilitate venous return initiated by a physio-
logical calf-muscle contraction.2,3
We hypothesised that an NMES-elicited artificial
calf muscle contraction would augment venous return
from the lower limbs and that the use of NMES in
conjunction with a GCS would result in increased
augmentation.
The aims of this study were:
1. to investigate changes in venous flow velocity
during NMES of the calf muscle over the at rest
value;
2. to investigate the relationship between the changes
observed in venous flow velocity and the param-
eters of applied electrical stimulation, and
3. to compare the effects of NMES on venous flow
velocity with and without a compression stocking.Please address all correspondence to: G. Lyons, Biomedical
Electronics Laboratory, Department of Electronic and Computer
Engineering, University of Limerick, Limerick, Ireland.
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Subjects
Ten healthy adult male subjects with no evidence of
venous disease in the lower leg and with a mean age
of 23.9 1.8 years gave informed consent to partici-
pate in this prospective study. Ethical approval was
obtained from the Research Ethics committees of the
University of Limerick and the Mid-Western Regional
Hospital.
Procedure
Peak venous flow velocity was measured using an
Acuson 128XP/10c ultrasound system. The popliteal
vein was examined with a probe placed at the back
of the knee at an angle of between 45 and 60. Mea-
surements were taken in triplicate and the mean
taken as the result. The following are the tests per-
formed on each subject.
Resting
The subject was seated with the thigh horizontal,
the knee slightly flexed, the ankle joint in a neutral
position of approximately 90 and the foot strapped
to a foot plate. During a five minute rest period, the
resting peak venous flow velocity (cm/s) was mea-
sured. The subject remained stationary during this
time and three measurements were taken. As respira-
tory manoeuvres are known to affect peripherall rights reserved.
Fig. 1. Percentage increase in peak venous flow velocity over resting
in the popliteal vein versus NMES stimulation parameters, both
while wearing and while not wearing a graduated compression
stocking. Median values and ranges are shown. NMES refers to
the use of neuromuscular stimulation in isolation and NMESGCS
refers to the use of neuromuscular stimulation in conjunction with a
graduated compression stocking.
NMES and Venous Velocity 565blood flow,4,5 subjects were also instructed to maintain
a stable breathing pattern throughout the data collec-
tion period.
Neuromuscular electrical stimulation (NMES)
Using the same seating arrangement, the posterior
calf muscle of the subject was electrically stimulated
using a neuromuscular stimulator (BMR NeuroTech
NT2000). The stimulator applied stimulation for
a contraction time of 2 s, a relaxation time of 6 s, a
ramp-up time of 0.5 s and a ramp-down time of 0.2 s.
Pulse duration and pulse frequency were altered
during the course of the experiment, with pulse fre-
quencies of 25 and 35 Hz being each applied at
pulse widths of 200 and 300 ms. The sequence in
which these parameters were applied to each subject
was randomly selected. PALS# round (diameter
50 mm) surface electrodes were used, with the cathode
(negative) electrode placed high on the calf, distally
about 1 cm below the end of the muscle heads and the
anode (positive) electrode placed above the achilles
tendon, towards the end of the muscle belly.
Pulse amplitude was set at 50% of maximum amp-
litude, which was found to result in a tetanic contrac-
tion and was sufficiently comfortable for each subject
to tolerate. Three measurements for peak venous flow
velocity were recorded during the four stimulation
periods. Subjects rested while the parameters were
changed and until venous flow velocity had returned
to the resting level.
Compression stocking
A Medilastex1 calf length graduated compression
stocking (GCS) was used to apply compression to the
calf muscle. Compression at the ankle was between
25.2±32.3 mmHg and pressure decreased progres-
sively from the ankle upwards, with the residual
pressure at the top of the calf being approximately
70% of that at the ankle.
Compression stocking and ES
The NMES electrodes were fitted under the gradu-
ated compression stocking, at the same locations.
NMES was applied and peak venous flow velocity
was measured.Statistical analysis
Data are expressed as medians and ranges. The med-
ians for different experimental conditions were com-
pared using the Friedman test and the Page test
for ordered alternatives and for all test conditions the
p-value was set at 0.05.
Results
For NMES alone, peak venous flow velocities in the
popliteal vein were seen to increase during the four
stimulation periods from a median resting peak
venous flow velocity of 12 cm/s (range 9±15 cm/s) to
significantly (p5 0.05) higher peak venous velocities
for each stimulation condition. Figure 1 illustrates that
a pulse duration of 300 ms and pulse frequency of
35 Hz showed the greatest percentage increase, at
266% (12 cm/s vs 43 cm/s) (p5 0.05). Both pulse
duration and pulse frequency were shown to be high-
ly statistically significant (p5 0.001) in augmenting
peak venous flow velocity. They were not shown
to be dependent on each other (p 0.253). The order
in which the stimulation was applied did not give
a statistically significant difference.
There was no significant difference (p 0.953)
between median peak venous flow velocity at rest
with (12 cm/s) and without the compression stocking
(12 cm/s).
For NMES with compression, peak velocities were
seen to increase during each period of NMES, as
shown in Figure 1, to a highly statistically significantEur J Vasc Endovasc Surg Vol 23, June 2002
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compression produced progressively greater changes
in peak venous velocity over resting than found
with NMES only. The results of NMES with a com-
pression stocking mirrored the results of NMES with-
out a stocking in that changing either pulse duration
or pulse frequency lead to a significant increase
in velocity (p5 0.001). The highest augmentation
occurred at a pulse duration of 300 ms and a pulse
frequency of 35 Hz, as found with NMES only. How-
ever, with the addition of the compression stocking,
the venous velocity increase over resting was 502%
at these stimulus parameters, as opposed to 266%
with NMES alone (Fig. 1). From these results it is
evident that subjects wearing a graduated compres-
sion stocking and receiving NMES exhibit a higher
augmentation in peak venous velocity compared to
resting levels and NMES alone values.
Discussion and Conclusion
In conclusion, NMES promoted active contraction of
the calf muscle of seated, healthy subjects and signifi-
cantly increased peak venous flow velocity in the
popliteal vein over its resting value in this subject
group. Peak flow velocities increased with both pulse
duration and pulse frequency, with the greatest in-
crease occurring at a pulse duration of 300 ms and a
pulse frequency of 35 Hz. It is important to note that
the level of stimulation used was comfortable and
tolerated by the subjects and that no subjects com-
plained of pain or discomfort throughout the study.
The greatest increase in peak venous flow
velocity occurred during NMES with the graduated
compression stocking. There have been no reportedEur J Vasc Endovasc Surg Vol 23, June 2002studies in the literature to date on the use of NMES
with a compression stocking and the findings from
this study are very significant (maximum increase of
538%). A possible explanation for the greater increase
in venous flow velocity may be the added pressure
of the stocking on the electrodes, may have resulted
in greater contact between the electrodes and the
skin during NMES, with a consequent deeper and
stronger contraction taking place.
We believe that these interesting findings warrant
an examination of the technique in patients with pro-
ven chronic venous disease to determine any potential
benefit.
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